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Abstract: Label-free vibrational imaging of biological samples has attracted significant interest
due to its integration of structural and chemical information. Vibrational infrared photothermal
amplitude and phase signal (VIPPS) imaging provide label-free chemical identification by
targeting the characteristic resonances of biological compounds that are present in the mid-
infrared fingerprint region (3 um - 12 um). High contrast imaging of subcellular features and
chemical identification of protein secondary structures in unlabeled and labeled fibroblast cells
embedded in a collagen-rich extracellular matrix is demonstrated by combining contrast from
absorption signatures (amplitude signals) with sensitive detection of different heat properties
(lock-in phase signals). We present that the detectability of nano-sized cell membranes is
enhanced to well below the optical diffraction limit since the membranes are found to act as
thermal barriers. VIPPS offers a novel combination of chemical imaging and thermal diffusion
characterization that paves the way towards label-free imaging of cell models and tissues as well
as the study of intracellular heat dynamics.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Imaging complex biological samples and biomimetic tissue cultures is of great interest to life
scientists [1]. Fluorescence microscopy techniques such as confocal and multiphoton have
demonstrated high specificity and unique super-resolution capabilities [2]. However, there
is a need to identify novel non-invasive label-free imaging modalities that do not rely on
exogenous staining of cells to provide contrast. Biological molecules present in cells and tissues,
including proteins, lipids and nucleic acids, have strong characteristic vibrational resonances in the
molecular fingerprint region (the mid-infrared wavelength regime from 3—12 um). While chemical
content can be measured with Raman based techniques, e.g. Coherent Raman microscopy [3-5],
the conventional Raman scattering cross-sections are lower than the corresponding infrared
absorption cross-sections by around ten orders of magnitude [6]. Thus, infrared (IR) absorption
based imaging methods, like FTIR, promise high sensitivity for chemical imaging [7-9]. However,
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due to the large diffraction limited spot sizes of mid-infrared (mid-IR) beams the spatial resolution
of conventional IR is around 5-12 pm, making the imaging of subcellular features challenging
[10].

Mid-infrared photothermal microscopy targets the infrared absorption cross-section and has
recently shown unique capabilities for cell imaging with spatial resolution down to sub-micron
values [11,12] while providing chemical information [11-14]. Depth-resolved imaging [11] as
well as the capability to detect features as small as 50 nm [15], smaller than the probe diffraction
limit due to thermal expansion and diffusion, has been demonstrated. Different biomedical
applications of mid-infrared photothermal microscopy explored e.g. in vivo imaging in C. elegans
[11], live cell imaging of cellular dynamics in neurons and oligodendrocytes [13], and super
resolution imaging of polymorphic amyloid aggregates in neurons [14]. Multi-modular imaging
approaches have led to the combination of IR and optical microscopy [16], bond selective
transient phase imaging [17] and ultrafast widefield imaging of live cells [18] with vibrational
sensitivity. Recently, a mid-infrared photothermal was combined with quantitative phase imaging
approaches [19] including digital holography and optical diffraction holography [20], which
allowed depth-resolved quantitative phase imaging of live cells. IR microscopy has also been
merged with atomic force microscopy (AFM-IR) to study eukaryotic cells [21] with resolving
powers down to 120 nm. While significant progress has been made [6,13,22], chemical mid-IR
photothermal imaging for biomedical applications has been demonstrated using mostly visible
probe beams and thus has been limited to unlabeled biological samples. Therefore, a direct
validation with fluorescently labeled cells has not been conducted. Further, for mid-infrared
photothermal studies, the focus has been mostly on the photothermal amplitude signal, while the
rich information from the photothermal lock-in phase has not been evaluated in detail. We will
present that by analyzing the lock-in phase signal, related to thermal diffusion properties [23,24],
differentiation of features with overlapping vibrational signatures is facilitated, that are otherwise
challenging to get resolved. Due to similar absorption properties between intracellular and
extracellular matrix proteins, there are currently few IR studies undertaken on tissue engineered
models, in which cells are grown in two and three dimensional extracellular matrices. The latter
are important models that replicate human physiology [1] and can be used to study cellular
functions including proliferation, growth, and response to external stimuli. However, biochemical
characterization of cancer-activated fibroblast cells with FTIR spectroscopy [25] have been
performed only on isolated cells grown directly on IR transparent windows. Other label-free
infrared absorption studies focused on fibroblast cells grown directly on a CaF, windows [6,10].

In this paper, we present Vibrational Infrared Photothermal and Phase Signal (VIPPS) imaging
to map the protein distribution in fibroblast cells grown in a collagen matrix as a physiologically
relevant model. By simultaneously mapping changes in absorption as well as thermal diffusion
rates, high contrast from features with different thermal diffusivity but overlapping absorption
profiles can be obtained [24], creating an opportunity to evaluate this approach in tissue models.
Utilizing the increased thermal resistivity observed at membrane structures, VIPPS offers high
contrast from the plasma and nuclear membrane of cells and the capability to detect biological
boundaries, well below the diffraction limit. We identify areas of protein accumulation of higher
order secondary conformations at the subcellular level and study how their presence affects
heat transport across membrane structures. For validation, we analyze fluorescently labeled
and unlabeled cells, making this a platform directly compatible with existing state-of-the-art
microscopy tools. Overall, VIPPS enables simultaneous study of chemical composition combined
with thermal diffusion dynamics that can offer diverse and enriching insights into cell growth
and structure as well as intracellular heat dynamics.
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2. VIPPS microscope

This label-free microscope utilizes the photothermal effect to translate the mid-IR vibrational
response to a shorter wavelength continuous wave (CW) probe beam in the near infrared at
1.5 um. A pulsed quantum cascade laser (QCL, Daylight Solutions) with a tunable range from
1580cm™! - 1740cm™!, serves as the pump beam. The repetition rate is set at 100 kHz with
pulse durations at 500 ns. The probe and pump beam are combined by a dichroic mirror (DM)
before entering a ZnSe objective (numerical aperture NA=0.25) and focused on the sample. The
diffraction limited spot sizes of the pump and probe beam are estimated around 12 um and 3.1 pm.
The induced modulation of the refractive index due to thermal heating is also referred to as a
thermal lens [26]. As illustrated in Fig. 1, the probe beam experiences periodic scattering as it
passes through the sample due to the modulated thermal lensing effect. The transmitted probe
beam is collected in a heterodyne measurement [27] and focused on an InGaAs photodetector
(PD). The photodetector signal is connected to a lock-in amplifier (Zurich Instruments) after
a 50X pre-amplification. The lock-in amplifier is synchronized to the pump reference and is
used to extract the photothermal amplitude signal PTS, which is proportional to the induced
absorption and heat-induced refractive index change.
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Fig. 1. Experimental setup of the VIPPS mid-infrared photothermal microscope. The
pulsed quantum cascade laser (pump) is co-aligned with a near infrared laser (probe) and
co-focused on the sample with a ZnSe objective (Obj). The zoom-in illustrates the build-up
of a thermal lens in the sample. The modulated forward scatter of the probe laser is detected
in a heterodyne measurement on a photodetector (PD) with a lock-in amplifier (Lock-In) and
separated into a photothermal amplitude PTS and phase signal ©.

Thermal
lens

For imaging of protein signatures the wavenumber is tuned to the corresponding molecular
bonds of the Amide-I band at 1660cm™!. To image fluorescently labeled and non-labeled
cells, the use of a probe beam in the near infrared is beneficial to avoid the visible regime with
absorption and emission of the exogenous stains. Residual absorption at the probe wavelength
can be neglected since the absorption coefficient of collagen at 1660 cm™" is by a factor 1000 to
10000 higher than the absorption coefficient at 1.5 ym [28,29]. In addition, based on the lock-in
principle any change in the CW probe power due to scattering or absorption from the probe is
automatically filtered out so that mostly intensity noise fluctuations at 100 kHz can potentially
contribute. However, these fluctuations on the order of 10-20 puV (background noise when the
pump laser is turned off) is regarded negligible compared to the obtained photothermal signal,
which is on the order of tens of mV (when the pump laser is turned on). Further, transmission
measurements of the overall CW probe power showed no significant power reduction upon
propagation through the sample. The probe power focused on the sample is around 1 mW while
the pump beam power on the sample amounts up to 3.5mW at a wavenumber of 1660 cm™!,
below any potential tissue damage threshold. Imaging was performed by raster scanning through
a field of view of interest with a variable step size of 1 um for the images that have a 80 um by
80 um FOV (field of view) or a 50 pm by 100 um FOV. For higher resolution images with smaller
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FOV of 15 pym by 15 pm or 20 um by 15 um, a 0.1 pm step size was used. For all images the pixel
dwell time was at 90 ms, which was slightly longer than the integration time constant of 71 ms.

Unlike in other photothermal configurations, in VIPPS imaging the lock-in phase signal ®
is simultaneously extracted, which has been reported to be independent on absorption and
solely related to the rate of heat transport [23]. Specifically the phase output is calculated as
0= atan2(§(—]), where X and Y are the in-phase and out-of-phase signals, respectively. The

amplitude output is calculated as PTS = VX2 + Y2, which is always positive and proportional to
the amount of absorption, while ® has a dynamic range from — to wt. It has been previously
discussed that the physical origin of the out-of-phase signal Y in photothermal measurements is
due to effects of thermal diffusion [23]. While the values of Y and X are both proportional to the
increase or decrease of the scattering cross sections due to heating, their ratio is independent
of the induced absorption and measures the relative contribution of thermally diffused signal ¥
with respect to the in-phase signal X. This is determined by the localized thermal resistance and
the rate of heat transport (thermal diffusivity) and can take both positive and negative values,
based on whether the thermal lensing causes the beam to focus or defocus [30]. In addition,
points where the phase reaches Orad, (where Y << X), have been related to slow rates of heat
transport and minimal thermal blurring [24]. Thus simultaneous acquisition of the photothermal
amplitude and lock-in phase offers not only insights into the vibrational molecular bond structure
but also thermal diffusion properties. Lock-in phase imaging has enabled imaging of absorbing
features in an absorbing embedding medium based on their inherently different thermal diffusion
values. Thus, 1 um melamine beads embedded in an absorbing 8CB liquid crystal medium have
been imaged with VIPPS microscopy, indicating an 8 fold improvement in spatial resolution, due
to its high sensitivity in detecting changes in thermal diffusion [24].

3. VIPPS imaging of fibroblast cells in collagen and cross registration of sub-
cellular features with fluorescence imaging

In Fig. 2, VIPPS imaging of fluorescently labeled and unlabeled fibroblast cells grown on a
collagen extracellular matrix is demonstrated. (The sample preparation details can be found
in the section on Materials and Methods in Supplement 1.) We focus on the Amide I band
whose spectral signature arises from the C = O stretching vibrations from the amide groups of
the peptide bonds. Brightfield images of a pair of unlabeled and labeled mouse fibroblast cells
grown in the same matrix, are shown in Figs. 2(a) and 2(b), respectively. The corresponding
PTS and fluorescence images of the two cells are shown in Figs. 2(c), 2(d), and in Figs. 2(e)
and 2(f), respectively. An Andor Dragonfly Spinning Disk Confocal microscope was used for
the fluorescent imaging. In the fluorescence image of the labeled cell, the overlap of the two
channels corresponding to the nucleus and cytoplasm markers are shown in red and green [see
Fig. 2(f)]. The DIC image of the labeled cell is shown in Fig. 2(g). Along with the PTS image of
the labeled cell, the ® image, shown in Fig. 2(h), is simultaneously acquired. Good agreement
between features sizes from the VIPPS and fluorescent microscope is shown in the overlap image
in Fig. 2(i), indicating a clear cross registration of the cell shape and nucleus size. While in the
fluorescence image, the extending collagen fibrils are clearly visible, they are not fully reproduced
in the PTS image, probably due to the different depth plane at which the fibrils exist compared
to the main cell body. While the extracellular matrix and cell cytoplasm are characterized by
similar PTS strength, stemming from the collagen environment and the produced collagen, the
cell body can be clearly differentiated by the reduction in the PTS signal close to the outer cell
structure. Similarly, a clear demarcation of the nucleus due to a drop in the PTS strength near the
nuclear membrane is observed. The measured PTS is reduced by a factor of 28 and 8.8 to values
of 0.8 £0.1 mV and 2.5 £ 0.15 mV near the cell plasma and nucleus interface, respectively. It
should be noted that even though the values at membrane areas are small they reside significantly
above the noise level (~ 20 uV) by at least a factor of 40. Thus, the corresponding SNR varies in
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those areas has a range between 40 and 125, whereas in other parts of the sample with amplitudes
up to 22.3mV, the SNR increases up to 1115.
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Fig. 2. Cross registration of VIPPS imaging of collagen embedded fibroblast cells with
other imaging modalities. Brightfield images of (a) unlabeled mouse fibroblast cell grown
in rat collagen and (b) labeled mouse fibroblast cell. PTS images of (c) unlabeled and
(d) labeled cell at 1660 cm~!. Fluorescence images of (e) unlabeled cell (no signal) and
of (f) labeled cell (GFP in green and nucleus RFP in red). (g) DIC image of labeled cell.
(h) ® image of labeled cell. (i) Overlap between PTS and fluorescence image with linescan
cross-sections A and B. (j) PTS and (k) ® image of unlabeled human cell. (1) Linescan A
and (m) B across cell obtained from PTS (dotted blue), ® (solid black), RFP fluorescence
(dashed red), GFP fluorescence (dash-dot green) showing straightforward cross registration
and agreement of RFP and O signal in determining the cell nucleus dimension.

The decrease in PTS in the vicinity of the plasma and nucleus membrane corresponds to steep
shifts in the measured lock-in phase. When transitioning from the collagen to the cytoplasm and
similarly from the cytoplasm to the nucleus, ® varies from 1.2 + 0.01 rad to —1.8 + 0.01 rad, as
seen in Fig. 2(h). Similar effects for the PTS and ©® are observed in a separate sample consisting
of human unlabeled fibroblast cells grown in rat tail collagen, see Figs. 2(j) and 2(k). In this
sample, the PTS signal at the extracellular environment is lower in some areas of the intracellular
environment. In both cases, while the PTS signal in the collagen and parts of the intracellular
environment are both strong, the corresponding ® signal shows a marked difference between the
cytoplasm (CYT) and extracellular matrix (COL) providing high contrast from the outer cell
boundaries. Equally high contrast is provided between the cell cytoplasm (CYT) and the nucleus
(NUC) offering clear localization of the cell nucleus boundary. In other words, we find that the
phase changes abruptly only near the membrane interfaces, implying a change in the rate of heat
transport and a non-homogeneous distribution of heat across the interface (between the intra
and extracellular environment or equivalently between the cytoplasm and nucleus environment).
Hence, the property of ® to be independent of absorption and sensitive to changes in the rate of
heat transport allows us to identify the cell outer and nucleus boundary with high confidence.

With two linescans across the labeled mouse cell, linescan A, Fig. 2(i) and linescan B, Fig. 2(i),
the performance between the VIPPS and fluorescent microscope are directly compared in Fig. 2(1)
and Fig. 2(m). The evolution of the PTS signal (dotted blue) and ® signal (solid black) are
presented together with signals from the red fluorescent protein (RFP, dashed red) and green
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fluorescent protein (GFP, dashed dotted green). Linescan A extends over the collagen, intracellular
cytoplasm as well as the nucleus. The increase in @ close to the nuclear membrane overlaps well
with the increase in the RFP fluorescence signal. The width of the nucleus measured from the
O linescan at 20.2 um agrees very well with the full-width at half-maximum (FWHM) of the
RFP fluorescence signal for the nucleus ~20 um. In addition, the width measured from the PTS
signal (defined as the distance between the locations of minima near the nucleus) also correlates
with this data. Overall, ® allows a clearer identification of the boundaries between the cytoplasm
and collagen as well as between the cytoplasm and nucleus, see Fig. 2(1). The transitions are
characterized by a steeper slope in ® than for the PTS so that the differentiation of subcellular
structures is enhanced compared to standard amplitude measurements. The signal from linescan
B, vertical with respect to the cell orientation captured in Fig. 2(m), features a 3.5 times decrease
in PTS (blue) and a 1.3 times decrease in phase ® (black) at the collagen and nucleus boundary.
The FWHM of the cell nucleus is measured to be close to 13.7 um based on the RFP signal,
while the separation of minimum signal points from both the PTS and ® linescans corresponds to
12.7 um, which is close to the FWHM from the RFP fluorescent signal. These results confirm that
regardless of whether the cell is labeled or unlabeled, our VIPPS microscope can provide images
of subcellular features in both human and mouse fibroblasts. A direct cross-registration between
fluorescent microscopy and photothermal IR imaging on the same cell is thus demonstrated. This
can prove extremely attractive to obtain multiple images from different imaging modalities on
the same sample, facilitating integration with existing diagnostic approaches.

4. Contrast from varying thermal conductivity near membrane structures

Obtaining significant contrast from the absorption of biological structures in an embedded medium
that features similar absorption properties can be challenging due to overlapping absorption
bands and the potential masking of small features, as in the presented fibroblast cell. For the
Amide-I protein absorption, both the intracellular and extracellular environment are expected to
have a significant PTS signal contribution. In the following, the contrast Cprs is defined as the
PTS signal measured at the locations of interest (which includes the extracellular collagen, the
cytoplasm and the cell nucleus) minus the minimum signal PTSy, (which can be found near the
plasma or nuclear membrane) divided by the sum of the two signals as seen in Eq. (1). This value
varies significantly but can reach up to 80.7% and 93.1% for both the labeled and unlabeled cell

grown on the same sample.

PTS - PTS,,
Cprs = —o——om 1
PTS = PTS + PTS,, M

While the cell cytoplasm is mainly composed of water (~80%), the second major constituent
are proteins (~15%) with 95% of cellular proteins equally concentrated within the nucleus and
cytoplasm [31], which explains the strong photothermal amplitude signal in both cell regions.
Close to the plasma as well as nuclear membrane, both the photothermal amplitude and phase
signal drop off significantly, offering a clear delineation and high contrast of these biological
boundaries. The drop in PTS close to the membrane implies a reduction in signal originating
from the Amide-I band and proteins in the vicinity. The cell membranes are primarily composed
of phospholipid bilayers with integral and peripheral membrane proteins making up about 50%
of their mass [32]. However, the membrane area inherently features a much lower absorption than
its surroundings and thus a lower initial temperature increase (estimated to be at least 3 orders
of magnitude lower). As a result, close to the plasma and nuclear membrane, the photothermal
amplitude signal drops off significantly, implying a reduction in signal originating from the
Amide-I band and proteins in the vicinity and offering a clear delineation and high contrast
of these biological boundaries. The spatial imaging resolution of the system is determined
by the convolution of the feature size with the diffraction-limited spot size of the probe beam
(about 3.1 um diameter in our system) combined with effects of thermal blurring related to
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the thermal diffusivity of the sample. It was previously shown that the induced thermal spot
can be larger than the object size due to thermal diffusion effects [24] so that as long as the
signal is higher than the detection limit of the system, sub-diffraction limited features can be
captured [15,33]. As discussed in [15,33], the contributions of a material’s thermal expansion and
thermo-optic coefficients can lead to such imaging contrast. In this work, despite the nano-meter
sized dimensions of the membranes (as small as ~ 4 nm, much smaller than the probe beam
diffraction limited spot size), the increased thermal resistivity of the membrane structures leads
to a photothermal gradient at the interface that provides enhanced contrast and localization of
features. The dip in the PTS signal at the membrane interface, raster-scanned with a step size of
0.1 pm in Fig. 2(d), has a spatial width around 3.1 um, which matches the system’s resolution
limitations. However, higher localization of these boundaries is achieved in the phase signal,
see Fig. 2(h). The sharp change in phase overlaps with a steep shift in the derivative of the PTS
signal % across that interface. Thus, the presence of a strong temperature gradient profile and
the thermal diffusion effects associated with the membrane environment allows capturing these
boundaries with high contrast.

Similarly, the contrast Cg can be defined for the phase signal as the difference between the
phase O of interest minus the minimized phase @, divided by their sum, as seen in Eq. (2).
Because ®,, is minimized and approaches O rad near the membranes, Cg approaches 1 near the
membrane crossings. The high contrast obtained in the lock-in phase signal ® relies purely on
changes in the rate of heat transport and is independent of varying absorption or concentration
[24]. Unlike the PTS signal that can vary up to 60% in the cytoplasm or nucleus area away
from the membrane, the lock-in phase ® remains constant throughout and only shifts at these
biological boundaries. Thus, areas contained by membranes with different thermal diffusion
properties provide higher contrast and localization in the phase signal ®.

0-06,

C —
°"0+0,

@)

5. Spectral evolution of the secondary protein conformation near the nuclear
membrane

To study the signal variations observed near membrane structures in more detail, the boundary
area between the cell nucleus and cytoplasm of 15 um by 15 um was imaged, as shown in Fig. 3(a).
PTS spectra corresponding to the Amide-I band, from 15801720 cm™', were collected at the cell
nucleus (solid black), cytoplasm (solid green) and extracellular collagen (solid red), see Fig. 3(b),
featuring a very similar shape with a peak close to 1660 cm~! and a FWHM width ~ 59 cm™".
Multiple spectra capturing the transition from the nucleus through the nuclear membrane to the
nearby cytoplasm over a 2 um cross-section were analyzed. Figure 3(c) shows the zoom-in of
the region of interest, with the locations where spectra were collected marked by colored dots.
The corresponding spectra are shown in Fig. 3(d). The first spectra collected near the nuclear
membrane (Fig. 3(d) — purple trace) has a larger shoulder at the lower wavenumber regime
between 1600 cm™! and 1660 cm™!, compared to spectra taken at the center of the nucleus. When
crossing the nucleus membrane, the signal drops significantly by a factor of 6 accompanied by
spectral shifts: The maximum signal is no longer centered at 1660 cm™', but shifts to lower
wavenumbers, around 1625 cm™~! and 1605 cm™!. As seen in Fig. 3(e) in the green and orange
traces, the signal around 1625 cm™' is 1.4 and 1.8 times higher than the signal at 1660 cm™!,
respectively. In addition, observed peaks at longer wavenumbers including 1696 cm=! (Fig. 3(e)
— green trace) and 1704.8 cm™' (Fig. 3(e) — orange trace) are detected, which also have a higher
signal than the PTS value at 1660 cm™! by factors of 1.4 and 1.2, respectively. For locations close
to the outer leaflet of the nuclear membrane closer to the cytoplasm, the peak gets recentered at
1660 cm™!. These spectral shifts indicate changes in the chemical composition near the nuclear
membrane that varies from other cell areas.
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Fig. 3. VIPPS imaging of fluorescently labeled cell perinuclear area with spectral charac-
terization: (a) PTS image of region near the cell nucleus at 1660 cm~!, (b) PTS spectra
taken at nucleus, collagen and cytoplasm, (c) Zoom-in PTS image of region near nucleus
membrane boundary. (d) Evolution of PTS spectrum from nucleus (bottom) to cytoplasm
(top) with spectra closest to the membrane in (e). (f) Corresponding ® image. (g) The phase
signal remains constant for each spectral region indicating a constant thermal diffusion rate.
(h) Zoom-in ® image of region near nucleus membrane with phase spectra shown in (i).

The ® image of the same area is shown in Fig. 3(f). While the measured phase spectra ®
for the collagen and nucleus have similar values around 1.2 rad +0.01, see Fig. 3(g), the value
at the cytoplasm differs and is around —1.8 £0.01 rad, indicating different thermal diffusion
properties. Overall, a relative homogeneous distribution of the underlying absorbing structure
within the measured spot size is assumed and can account for such a flat phase across the measured
wavelength region. The zoom-in of the ® image of the region near the nuclear membrane is shown
in Fig. 3(h) with the corresponding color-coded collected spectra in Fig. 3(i), corresponding to the
same locations as for the PTS amplitude spectra in Fig. 3(d). Starting within the inner part of the
nucleus at the bottom, the phase is constant at 1.12 rad. As the focal spot approaches the nuclear
membrane, spectral phase shifts are observed, indicating different phase signatures for different
wavenumber regions. For spectra taken near the nuclear membrane, multiple wavenumbers at
which © crosses zero are detected (see Fig. 3(i) — orange trace), including at 1644.2 cm™! and
1677.4 cm™!. By moving the focal spot 0.2 um (see Fig. 3(i) — red trace), the wavenumbers where
@ crosses zero shifts to the spectral wings at 1622.4 cm™! and 1695.0 cm™!. Eventually the
phase stabilizes around a constant value of —1.73 rad at the location of the nucleus outer leaflet.
The phase spectral shifts indicate a wavelength dependent modification in the heat transport
dynamics, uniquely occurring near the nuclear and plasma membranes.

The Amide I vibrational band, aside from being one of the strongest resonant bands for proteins,
is sensitive to the backbone protein conformation, since different structural conformations have
different characteristic resonances. Different secondary protein structures are characterized
by shifts in the peak in the vibrational spectrum: a-helices (1656-1662cm™"), side chains/
aggregated strands (1605-1615cm™"), B-sheets (16221627 cm™!, 1696 cm™"), random coils
(1638-1646cm™!) and B-turns (1675-1685cm™") [34]. The collected PTS spectra can be
regarded as a convolution of the individual spectral responses within the amide I band, each
corresponding to a different conformation. Near the nuclear membrane, a rise of absorption
peaks centered at 1625cm™" and 1605 cm™! is observed, which corresponds to the bands for
[B-sheets and aggregated strands. Assuming shifts in the PTS spectrum stem pre-dominantly
from variations in the secondary protein conformation, the ratio between the PTS amplitude at
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1625cm™! and 1660 cm™", defined in Eq.(3), can be regarded representative for the accumulation
of SB-sheets versus a-helices.
_ PTSi625

PTS 1660

Similar analysis based on similar spectroscopic amplitude ratios and data have been applied
previously to study protein aggregates in neurological tissue [14] and to interpret vibrational and
FTIR measurements [34,35]. To quantify the difference in the thermal diffusion rate for the two
wavelengths corresponding to unique conformational spectral signatures, the phase difference is
defined in Eq. (4).

3

A® = |O1625 — O1660] 4

At the locations of the nucleus, collagen and cytoplasm p is comparable and equal to around
0.79. In addition, ® is constant throughout the spectral region of interest, as indicated by A® of
Orad. When transitioning from the nucleus across the membrane interface, p starts to gradually
increase from 0.79 to a maximum value of 1.75 while @144 starts to decrease from 1.12 rad (at
the nucleus center) to 0.68 rad. However, ®;¢,5 only decreases to 1.09 rad giving a notable phase
difference A® of 0.41rad. As the focal spot moves closer to the cytoplasm, p decreases further
down to 0.39 and the minimum value of 0.13, and A® reaches a maximum value of 1.9 rad before
decreasing again back to 0 rad when having reached the outer leaflet of the nuclear membrane.
While p varies significantly at the perinuclear area, an increase in the absolute phase difference
A® is also reported, which suggests that the presence of secondary protein conformations affects
the rate of heat transport. These effects are captured directly in linescans of p and A® from the
cell nucleus across the membrane boundary to the nearby cytoplasm, as shown in more detail
in Fig. 4(a). We observe that for the spatial location where @469 = O rad, the ratio p reaches a
maximum value of 1.69, while p reaches a minimum value of 0.19 when ®¢5 = O rad.

Performing dual-spectral imaging enables us to localize the observed chemical changes in
two dimensions. We obtain PTS images at 1625 cm™" and 1660 cm™' shown in Fig. 4(b) and
Fig. 4(c), respectively. The corresponding ® images are depicted in Figs. 4(d) and 4(e). By
taking the ratio of the two PTS images, we obtain a ratio p image shown in Fig. 4(f), where
enhancements are localized near the nuclear as well as the plasma membrane. In the 1 um by 5
um inset image of the nuclear membrane area localized changes in p feature amplitude variations
of +0.2. From the spectroscopic studies, we observe that the variations in p are accompanied by
corresponding shifts in ®. Thus the A® image in Fig. 4(g) enhances areas with significant offsets
in ©. Here, localized signal fluctuations in A® vary around +0.5. Overall A® images highlight
spectral differences more finely than in p images and provide almost two times higher contrast
and better localization of secondary protein structures.

Similar dual-spectral imaging and spectroscopy measurements were performed at the perinu-
clear area of the unlabeled human fibroblast cell (a 20 um x 17 um area at 1660 cm™"), as seen in
Fig. 5(a). The PTS spectra collected at the nucleus center (solid black), extracellular collagen
(dashed dotted green) and cytoplasm (dashed red), share a peak at 1660 cm™!, a FWHM close
to 59cm™!, and a p value, around 0.7, see Fig. 5(b). In the spectra, shown in Fig. 5(b) (dotted
orange), the peak is shifted from 1660 cm~! to 1638 cm™!. Here, the ratio p is equal to 1.16,
which is higher than the value measured for the other cell areas of high protein content or in the
outer collagen. For this cell a potential higher accumulation of g sheet proteins is located at
the cytoplasm in the perinuclear area located at the upper side of the nucleus. Similarly to the
labeled mouse cell, spectra closer to the membrane interface show clear shifts in the chemical
composition, see Fig. 5(c), with a peak at the lower wavenumber region around 1625cm™
(dashed pink spectrum) and a ratio p around 2.15 in good agreement with the previous analysis
in Fig. 4. When translating the focal spot 0.5 um towards the nucleus, the measured spectrum
shown in blue features an additional peak at 1660 cm™! with a width of 32.8 cm™! and a ratio p
around 0.52. These variations in p around the membrane, both in terms of increase and decrease,
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Fig. 4. Bi-spectral VIPPS imaging of labeled cell nucleus area. (a) Changes in the linescans
highlight the nucleus membrane interface for ® at 1660 cm™! (dotted red) and at 1625 cm™!
(dashed green), for the ratio p (black square dots) and for A® (blue circle dots). PTS image
(b) at 1625cm~! and (c) at 1660cm™!. ® image (d) at 1625 cm~! and (e) at 1660 cm™!.
(f) Ratio PTS image p=PTS45/PTS 660 Where significant changes are localized at the
nucleus membrane. (g) Difference ® image A® = |@¢60— O1625|, Where significant changes
are observed at the nucleus membrane with higher contrast.

compared to the standard value of 0.7 at locations of high protein content (including the collagen,
nucleus center) agree with our previous measurements. To localize this accumulation of S sheet
proteins further, we performed dual-spectral imaging at a wavelength of 1660 cm™! as well as
at 1625 cm™!, with the corresponding ratio p image depicted in Fig. 5(d). The higher signal
indicates an accumulation of S sheet signatures at the upper side of the perinuclear area (interface
A) and a less pronounced accumulation at the lower side of the nuclear membrane (interface B)
as well as in other areas near the plasma membrane. Similarly to our previous results, A® peaks
at areas characterized by a strong variation in p, see Fig. 5(e). The linescans in Fig. 5(f) show
the evolution of the lock-in phase ® at 1660 cm™! (dotted red) and at 1625 cm™! (dashed green),
the ratio p (black square dots solid line) and the lock-in phase difference A® image (blue circle
dots solid line) across the two representative membrane interfaces A and B of the nucleus. The
signal at 1625 cm™!, potentially from an accumulation of 8 sheet proteins, is higher at interface
A compared to B, by a factor of 4.1. In addition the FWHM of the A® peak at interface A is
larger than the one at B (1.8 um compared to 0.6 um). This indicates that the potential higher
accumulation of f sheets near interface A results in a larger spatial phase shift and a more
significant change in the rate of hear transport across the membrane interface.
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Fig. 5. Spectral VIPPS imaging of unlabeled human cell perinuclear area: (a) PTS image
of cell nucleus area taken at 1660cm™! (b) PTS spectrum at cell nucleus (solid black),
cytoplasm (dashed red) and collagen (dashed dotted green) and cytoplasm near perinuclear
area (dotted orange). (c) Two neighboring PTS spectra (offset by 0.5 um from each other)
close to the nuclear membrane. (d) The ratio image p =PTS625/PTS 660 can be indicative
of higher 8 sheet protein accumulation on the top side of the nucleus. (e) The difference
0O image A® =|0@1gp5- O1660| enhances spectral phase shifts with a broader shift on the
top side of the nucleus (area marked A). (f) The linescans across the nucleus membrane
interface from ® image at 1660 em~! (dotted red) and at 1625 cm™! (dashed green), p image
(black square dots) and A® image (blue circle dots) show enhancements near the membrane
interface areas.

6. Contrast from varying secondary protein conformation

Overall, the lock-in phase difference image provides a contrast Cpg from the nuclear and plasma
membrane boundaries as defined in Eq. (5), where A®y, is the phase difference at the membrane,
and AO the baseline phase difference at the surrounding environment. This can reach values
as high as 95.7% near the membrane interface of the mouse labeled fibroblast cell presented in
Fig. 4. For the unlabeled human cell, Cyg ranges from 99.7% and 95.3% at interfaces A and B
respectfully.

_ A, - AO
"~ AG, +AG

The corresponding contrast C,, from the ratio PTS imaging is defined in Eq. (6), where p,, is
the ratio at the membrane, and p the baseline ratio at the surrounding environment.

®

Cro

Pm - P

Ce Pm + P ©
Specifically, the value of C, is close to ~ 43.9% for the membrane interface of the labeled
mouse fibroblast presented in Fig. 4. For the membrane interfaces of the unlabeled human
fibroblast presented in Fig. 5, C,, ranges from 20.5% and 72.4% at interfaces A and B respectively.
Overall contrast provided by phase difference imaging Cyg is higher compared to contrast from
ratio imaging C,. Difference phase imaging offers an attractive methodology for locating and

enhancing areas of interest with higher contrast and resolution.
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7. Photothermal confinement parameter

To investigate the heat diffusion dynamics further, we analyze an analog to the respective
parameter thermal diffusion, the Kapitza length [36]. The maximum spatial temperature gradient
along an interface can be estimated by the maximum temperature difference, divided by the
thermal diffusion length as defined in Eq. (7), where Ry, corresponds to the thermal diffusion
length [37].
ATmax
R

For our measurements, we derive equivalently a photothermal confinement parameter L. The
photothermal signal PTS is proportional to the localized induced temperature difference AT
as seen in Eq. (8), where o is the scattering cross section for the probe and % the material’s
thermo-optic coefficient [33].

VTmax ~

@)

PTS ~ — + — - AT 8)

We define L as the ratio of the maximum photothermal amplitude signal difference APTS .«
(here occurring between the nuclear membrane region and the nearby cytoplasm) over the slope
along the direction x across that transition 0PTS/d x, defined in Eq. (9).

APTSnax

= (@PTS/d%) ©)

From the PTS signal shown in Fig. 5(a), we calculate the value of L;¢¢o for an excitation
of 1660 cm™" to be around 2.3 um and 1.5 um at interfaces B and A in Fig. 5(f), respectively.
Thus, the photothermal confinement shows a 1.5 times higher value at interface B compared
to A. We further find that L is wavelength dependent, since for an excitation at 1625 cm™! the
corresponding Ligps values amount to 3.03 um and 1.86 um, respectively. This indicates a
1.7 times higher confinement at interface B compared to A. The difference in photothermal
confinement for the two wavenumbers Ljg5 — Ligso is 0.73 pum and 0.36 pum at interfaces B
and A, respectively, which can be linked to different thermal diffusion dynamics. However, it
should be considered that the slope from the PTS signal strongly depends on the diffraction
limited probe spot size and thus results in a partial capture of signal from the same features in
multiple pixels. In general, although the underlying biological features are smaller, the observed
phenomena can confirm biochemical changes in accumulated proteins close to the membranes as
well as changes in thermal diffusivity. Thus, each wavenumber excitation gives rise to a different
temperature gradient, and simulations on DPPC bilayers have shown that the discontinuity in
temperature, originating from the non-bonded interactions between atoms at the interfaces of
bi-layers, depends on the induced temperature gradient [38]. In addition, the thermal resistivity is
inversely proportional to the thermal conductivity k. The latter can be one or even two orders of
magnitude higher in B sheets due to the well-knit hydrogen bond network [39] and the increased
elasticity found in these structures [40]. Furthermore, the heat capacity of proteins can be
altered by their secondary structure up to a factor of 3% [41], mainly due to the contribution of
noncovalent interactions that rise from these structures. Thus, the overall thermal diffusivity and
thermal diffusion length Ry, = V4 D - ¢ will be affected if there is a higher accumulation of g
sheets. Here, D is the thermal diffusivity and ¢ corresponds to time interval. For the duration of
1 period ~10 ps and an average thermal diffusivity of 0.03 nm?/ps (measured in protein water
interfaces) [36] we estimate a thermal diffusion length of ~ 1 um at the interface. Likewise for
the thermal diffusivity of water Dyue,=1.43 x 10° " m? - s~ !, Ry, is estimated around 2.3 pm.
Knowing that between consecutive pump pulses, thermal relaxation occurs, this value is of
the same order as the photothermal confinement derived. Taking the different biochemical
composition into consideration that affect k and D, this could explain how the spatial extent
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of |A@| is 1.8 um at interface B compared to 0.6 pm on interface A (~ three times larger), see
Fig. 5(f). Similarly, this affects the wavelength dependency of the difference in photothermal
confinement between the two different wavenumbers Ligy5 — Liggo is 0.73 um at interface B
compared to 0.36 um at interface A (~two times larger). This indicates that the potential higher
accumulation of S sheets near the upper membrane interface results in a larger spatial phase
shift and a more significant change in the rate of heat transport across the membrane interface.
Thus, both the locally induced temperature gradient across the membrane as well as the 8 sheet
concentration relative to @ helix proteins plays a pivotal role in the underlying heat dynamics.

8. Discussion

In this study, we have demonstrated that with mid-IR photothermal VIPPS imaging, high contrast
from membrane interfaces can be obtained and subcellular protein signatures near the membrane
regions in fibroblast cells can be chemically identified. Spectroscopic lock-in phase shifts can
be observed when a material phase transition is induced [22] or when multiple absorbers with
different thermal diffusion and absorption coefficients that form a natural thermal boundary
between them, are being heated simultaneously [24]. In the latter case, for the value of ® =0rad,
the heat diffusion within the extent of the probe beam is minimized and this effect has been
correlated with highest heat localization, increased resolution power and minimal thermal blurring
[24]. In these biological samples, the location at which the phase crosses Orad, or is minimized,
overlaps directly with the position of minimum absorption or PTS signal near the membrane
region as seen clearly in Fig. 2. This allows us to conclude the presence of a thermal barrier
at the interface characterized by different thermal diffusion parameters. Thus, we can directly
correlate the concept of the zero-phase crossing to the existence of a thermal barrier in biological
membranes. Thus, the VIPPS microscope enables visualizing sub-diffraction limited features of
nano-scale dimensions in heterogeneous and complex biological samples and leads to enhanced
contrast.

It has been shown that the thermal diffusivity of protein-water interfaces (Dmembrane= 3 -
108 m%s- 1y [36] is one order of magnitude smaller than that of pure water (Dyater=1.43 -
107 m2s- ]). In addition, it has been discussed that the plasma membrane features an increased
thermal resistivity [42,43], which would prevent heat diffusion over the time scale of a pump
period (10 ps). Similarly, the thermal conductivity of pure proteins has been shown to be
lower (~ 0.1-0.2 W - K~ Im- 1 compared to water (0.6 W - K~ " m- N 1361, indicating that
membrane structures consisting of many transmembrane proteins can support high spatial thermal
gradients, compared for example to the cytoplasm, which is mainly composed of water. While an
increased thermal resistivity in organelles (i.e. the nucleus) of living cells has been measured
with temperature rises up to 1 K between the nucleus and the cytoplasm [42], it has been
discussed that living single cells under endogenous thermogenesis cannot easily maintain such a
temperature variation under standard conditions [43]. However, for the fixed cells presented here,
the temporary temperature increases are induced through the inherent sample absorption of the
external pump light excitation. As a consequence, a stronger confinement of the heat occurs,
which limits a homogenous distribution of heat across the interface. Thus, we suggest that the
cell membrane can act as a thermal barrier, as noticeable from the phase signals. These effects
could potentially be even more pronounced and contain more detailed features than reported
here, since they can have been “diluted” by collecting averaged signals from the whole probe
beam area whose dimensions exceed the biological feature sizes. However, given the nano-meter
extension of the cell membrane, it is remarkable that we can visualize these changes with such
detail.

Another interesting finding is related to the spectroscopic signatures associated with the imaged
subcellular features. We found that the relative ratio p between 8 sheets and « helices changes
in the proximity of the plasma and nuclear membrane, which is accompanied by shifts in the
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measured O signal. These results indicate that different chemical composition expressed by
the ratio p (e.g. the relative accumulation of S sheet structures) can result in different heat
diffusion properties near membrane structures. Transmembrane proteins can contain single
a helices, multiple a helices or rolled up S sheets [44]. Variations in protein conformations
result in different optical and thermal properties, including absorption cross-sections and thermal
diffusivities [36]. When membrane proteins undergo conformational changes, this results in
membrane perturbations, which can affect the thickness and fluidity of the bilayer [45], as well
as the underlying thermal properties. Having a tool that can detect these underlying chemical
composition changes and link them to protein conformation, can be utilized to enhance imaging
contrast and resolving power based on the reported unique thermal barrier phenomenon.

For a biological interpretation of the differences reported in the spectroscopic signatures of the
Amide I band, high protein accumulations at the peak have been linked to the presence of different
subcellular compartments. It has been shown that secondary structures in fibrin hydrogels, as can
be found in collagen, play a crucial role in the tensile strength and elasticity of fibrin matrices
whose properties enable mechanisms like wound healing [46]. Fibroblasts cells co-cultured
with cancerous epithelial cells and exposed to specific growth factors express a—smooth muscle
actin (e—SMA) when undergoing a phenotypic change from fibroblasts to myofibroblasts [25].
Thus, high Amide-I band accumulations have been associated with the existence of e—SMA
stress fibers. However, also in eukaryotic cells, areas of high absorption in the Amide-I band
have been assigned to components of the cytoskeleton, e.g. cytoskeletal filaments and granular
particles up to 1.5 um size [21]. Similarly, variations in the Amide-I band strength at 1650 cm™!
for different positions in the cell, from the nucleus to several particles, have been reported in
general. High Amide-I expression in the nucleus was assigned to an abundance of chromatin
[21]. Further, it has been shown that features in the cytoskeleton based on actin structures can
result in higher protein accumulation or various organelles as Golgi apparatus, endoplasmic
reticulum or mitochondria. In mammalian cells, 8 sheets compose the voltage-dependent anion
channel (VDAC) [47]. VDAC is the most abundant protein on the mitochondrial membrane and is
responsible for metabolite transport. In some cell types, mitochondria are more densely packed in
the perinuclear area than throughout the cell periphery [48]. Therefore, it is possible the increase
in the PTS amplitude ratio p between -sheets and a-helices could be related to mitochondrial
accumulation in the perinuclear area. While more detailed biological experiments are needed
to identify the origin of the observed protein accumulations here, we have demonstrated that
VIPPS can be applied for studying the thermal properties of protein signatures and conformation
at the subcellular level. Imaging the fibroblasts within an extracellular matrix environment as
a physiologically relevant medium further opens the pathway for studies of 3D fibroblast cell
models based on sectioning capabilities of photothermal imaging. Studying collagen formation
in fibroblast cell cultures can provide additional information and feedback on the mechanism
of collagen secretion, fibrosis as well as procollagen trafficking. Having a robust label-free
technique based on vibrational spectroscopy coupled with thermal diffusion analysis can further
lead to interesting studies to explore fundamental biology, conduct disease analysis for pathology
or address material science and chemical sample analysis in complex heterogeneous media.

9. Conclusion

This study has demonstrated for the first time how mid-infrared absorption based chemical
imaging can be used to study tissue models as we are able to image the protein structures of cells
embedded in a protein-rich medium with similar absorption properties, without the need for a
complex sample preparation. We demonstrated that photothermal imaging with a near-infrared
probe beam features the advantage that both fluorescently labeled cells as well as unlabeled
cells can be analyzed and imaged with high contrast. With our unique photothermal amplitude
and lock-in phase signal VIPPS imaging, we can clearly image the outer cell boundary and the
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cell nucleus and achieve strong agreement with fluorescent microscope measurements. While
most mid-infrared photothermal work has focused on amplitude measurements, evaluating the
lock-in phase component allows us to differentiate between the intracellular and extracellular
environment as well as between the cell cytoplasm and nucleus due to the varying thermal
diffusion rate across the membrane interfaces. This is particularly beneficial for identifying
subcellular features, since we demonstrated that the membranes act as a thermal barrier. This
enabled us to determine a photothermal confinement length that can provide significant insight
in quantifying heat confinement at the subcellular level. Detailed spectroscopy studies in both
labeled and unlabeled fibroblast cells reveal the underlying secondary protein structures near the
nuclear membrane, identifying primarily S sheet and a helix accumulation. Simultaneous dual
spectral imaging of the amplitude as well as of the lock-in phase signal offers a unique tool for
simultaneously determining the chemical composition of the sample and the thermal diffusion
properties. By linking zero-crossing in the phase to the existence of a thermal barrier at the cell
membrane, high contrast imaging and detection of photothermal phenomena associated with
nano-sized features is shown. This methodology can pave the way not only for novel label-free
imaging of protein structures in cell cultures but also for studying heat dynamics at the subcellular
level and how they are affected by the chemical composition of cells. This can open a pathway to
understand cell development cycles and the role of protein accumulations. Furthermore, it can
strengthen our insights into chemical and little-studied thermal diffusion processes and what role
they play for cell development cycles or for disease diagnosis.
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